Within semiconductor quantum dots (QDs), exciton recombination processes are noteworthy for depending on the nature of surface coordination and nanocrystal/ligand bonding. The influence of the molecular surroundings on QDs optoelectronic properties is therefore intensively studied. Here, from the converse point of view, we analyse and model the influence of QDs optoelectronic properties on their ligands. As revealed by sum-frequency generation spectroscopy, the vibrational structure of ligands is critically correlated to QDs electronic structure when these are pumped into their excitonic states. Given the different hypotheses commonly put forward, such a correlation is expected to derive from either a direct overlap between the electronic wavefunctions, a charge transfer, or an energy transfer. Assuming that the polarizability of ligands is subordinate to the local electric field induced by excitons through dipolar interaction, our classical model based on nonlinear optics unambiguously supports the latter hypothesis.
H alfway between atomic and solid-state physics, colloidal semiconductor nanocrystals (NCs), also known as quantum dots (QDs), exhibit unique optoelectronic properties arising from their low dimensionality. In such semiconductor nanoparticles, the laser-excited electron-hole pairs are indeed confined in the three spatial directions 1, 2 . These excitons are characterized by quantized energies depending on the NC size, and can recombine to emit fluorescence 3, 4 . With diameters from 1 to 10 nm, NCs prove optically active over the visible range 5 . As a result, their study falls within the frameworks of many scientific fields: photovoltaics 6 , optoelectronics 7 , light sources 8 , nonlinear optics 9, 10 , fluorescence spectroscopy 11, biosensors [12] [13] [14] and biomedical imaging 15, 16 . For all these reasons, the experimental and theoretical study of QDs is of both applicative and fundamental concerns.
Whether the size-dependent electronic structure of NCs is well understood and described [17] [18] [19] , a significant number of their fundamental properties is still subject to discussions. For instance, the origin of fluorescence in QDs and the nature of the associated Stokes shift are not well established [20] [21] [22] [23] , especially since NCs are noteworthy for blinking 24, 25 . In essence, the different models developed to account for the processes leading to electron-hole recombination, mainly based on dark excitons 26, 27 , electron-phonon coupling 28 , trap states and charge transfer 29 , are not unified. Moreover, when NCs are functionalized, their coupling to the molecular ligands is expected to play a key role. Potential vibroelectronic interactions between NCs and molecules must be taken into account and make the description of QDs more complex. In this context, most of the studies focus on the influence of ligands on the optoelectronic properties of NCs [30] [31] [32] [33] [34] [35] [36] [37] . In particular, somespecific surface modifications with organic ligands proved to enhance light absorption and fluorescence emission [38] [39] [40] , which is a clear advantage for photovoltaic, photodetection and photoemission applications. It has also been shown that ligands condition the quantum confinement and the phonon behaviour of NCs, thus affecting exciton dynamics and transport phenomena [41] [42] [43] . It is worth noting that the exciton-phonon coupling and the interplay between electronic and mechanical properties of NCs has been deeply studied, leading especially to evidence the influence of ligands on the lattice vibrations of NCs 43 . In order to supplement these analyses of QD/ligand interactions, here we characterize and explain the influence of QD excitons on the vibrational properties of the ligands. We then directly probe the ligands and examine their vibration modes to investigate in this manner how the electronic properties of NCs are coupled to the mechanical behaviour of their ligands. This work is all the more relevant that the study of surface properties is one of the most fundamental aspect of QDs. Contrary to the excitonic behaviour of the core, which is realistically well understood, the coupling of the QD states to their direct chemical environment, and then to the ligand states, is still under discussion 44 . Within this framework, this article demonstrates experimentally and theoretically the correlation between the electronic structure of NCs and the vibrational structure of ligands, and also brings significant information about the surface and ligand chemistry of commonly used QDs, addressing thereby fundamental and practical issues.
Here, the experimental evidence is adduced through twocolour sum-frequency generation (2C-SFG) spectroscopy combining visible and infrared laser beams on commercial ligand-conjugated CdTe NCs, as it is properly dedicated to characterizing vibroelectronic interactions at interfaces and probing the surface chemistry 10, [45] [46] [47] . As a second-order optical process, SFG is indeed doubly resonant, with respect to both the visible and the infrared, and surface specific. For instance, SFG spectroscopy has already proved relevant for the study of electron-phonon coupling within fullerene thin films 48 . In our case, 2C-SFG is performed in total internal reflection configuration with a deposition of CdTe NCs on CaF 2 prism (Fig. 1a) to benefit from favourable Fresnel factors 49 . Our results evidence five ligand vibration modes whose amplitudes depend on the visible frequency, ω vis , and are maximum when ω vis coincides with the energy of the first excitonic state of NCs. Besides this, from a chemical point of view, 2C-SFG reveals the presence of unexpected residual hydrophobic ligands at the surface of these commercial NCs, suggesting the incompleteness of ligand exchange during their synthesis and functionalization.
We also demonstrate that a classical dipolar interaction between NCs and molecules is sufficient to describe their coupling as unveiled by nonlinear optics, which is evidence in support of an energy transfer-based process. Within this theoretical model, the predicted ω vis -dependence of the ligand vibration amplitudes fits very well the measurements obtained with 2C-SFG spectroscopy. Consequently, this work enhances the understanding of the coupling between QDs and ligands and ensures that the vibrational properties of the molecular surroundings is well correlated to NCs' excitons.
Results
From linear to nonlinear optical response of QDs. The comprehension of the coupling between CdTe NCs and their ligands requires first and foremost the characterization of their optoelectronic properties. In our case, we preliminary need to model the linear dielectric susceptibility χ Tables 1-3 ). This reveals quite large dipole moments, around 15 D. Given previous works, such oscillator strengths are expected for semiconductor nanocrystals 50, 51 . Excitons thus can be seen as highly polar electron-hole pairs, which confirms that CdTe QDs exhibit an important dielectric response and constitute good optical probes. The knowledge of χ ð1Þ QD enables thereupon to finely characterize the deposition of CdTe NCs on the substrate. Especially, the QD density and the refractive index of the layer are essential for computing the Fresnel factors which drive the layer reflectivity in nonlinear optics. Figure 2b shows the absorbance spectrum of the QD layer. As explained in Supplementary Methods, its fit leads to a surface density of 6.6 × 10 18 m −2 and a size dispersion of 5%. The layer thickness is henceforth estimated to 255 nm. This dense layer is expected to affect the Fresnel factors of the CaF 2 /QD/air interface through its refractive index n lay ðωÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 1 þ χ ð1Þ QD ðωÞ q 52 . Figure 2c shows the four SFG Fresnel coefficients L ijk which contribute to the SFG signal in our configuration as computed with the threelayer model (see Supplementary Methods and Supplementary  Fig. 1 ). In this PPP-polarization scheme, the SFG intensity I SFG of the sample is proportional to the input intensities I vis and 
The angles θ vis = 55°, θ IR = 65°and θ SFG $ 56 are sketched in Fig. 1 . As said before, the Fresnel factors L ijk modulate the nonlinear response. Thanks to Fig. 2c , it is worth noting that the zzz Fresnel factor prevails over the others which are, in addition, fairly flat over the range 450-620 nm. Indeed, the presence of QDs shows through in the zzz term of Eq. (1), related to the zcomponents of the electric fields which probe most effectively the QD layer. The effective second-order susceptibility χ (Fig. 2c) . As shown in the following, such a Fresnel effect cannot account for the shape nor the amplitude of the SFG response over the visible range. The coupling between NCs and ligands is consequently linked toχ ð2Þ zzz and genuinely related to the fundamental properties of QDs.
Chemical characterization of commercial QDs. The QDs we use in this work are commercial CdTe NCs bearing terminal carboxylic acid groups (COOH). The synthesis and surface composition of these crystals are poorly described by the supplier, and parameters such as the chain length are unknown. Hence, before investigating the NC/ligand coupling with 2C-SFG spectroscopy, we performed a deep characterization of the starting material. In Fig. 3 , energy dispersive X-ray measurements (EDX) and X-ray photoelectron spectroscopy (XPS) reveal the presence of multiple elements in addition to Cd and Te: mainly carbon and oxygen, but also an important amount of sulfur. We thus deduce that NCs surface functionalization is achieved using mercaptocarboxylic acids (MCAs) with the molecular formula HS-(CH 2 ) n -COOH, as described in the literature for CdTe NCs coating 54, 55 . Their maximum chain length is estimated from the ratio carbon to sulfur that leads to n ≤ 4: the carbon atoms engaged in the COOH functional groups, featured in Fig. 3c , indeed represent 20% of the total carbon. Going deeper into S 2p photopeak analysis ( Fig. 3d) , we can see two doublets at different binding energies showing that there are two different populations of sulfur. To understand the origin of these populations, we compare S 2p photopeaks of QDs before and after ion sputtering. This treatment allows the removal of the ligands from NCs surface, as evidenced by the decrease of the C 1s photopeak. The removal of the ligands after ion sputtering is confirmed by the oxidation of Cd and Te on the no-longer passivated NCs upon exposure to the air (Fig. 3d) . Interestingly, on S 2p photopeak, the ion sputtering leads to a considerable decrease of the higher-energy S 2p doublet (in light grey) whereas the lower-energy one (in deep grey) remains unchanged. We therefore conclude that the first population of sulfur was removed with MCA ligands while the second one is located within the NCs core. This observation explains the ratio Cd/Te superior to 1 shown by the EDX spectrum ( Fig. 3a) and the XPS measurements (Fig. 3d) . Obviously, metal chalcogenides are well-known for showing metal-rich stoichiometries, mainly due to an excess of metal ions in the surface layer 56, 57 . Yet, this excess is reported to lead to a metal/chalogenide ratio from 1.1 to 1.2, depending on the nanoparticle geometry 57, 58 . Our findings evidence a Cd/Te ratio around 4, which is far too high to be related to a surface excess of cadmium. As a consequence, the commercial QDs are not purely CdTe NCs as claimed by the manufacturer, but consist in ternary alloys CdTe x S 1−x with x = 0.25. As the sulfur and tellurium are both chalcogen atoms, the substitution of Te by S does not critically change the crystal structure. This structure has indeed been characterized by high resolution transmission electron microscopy in ref. 59 . In addition, as discussed in Supplementary Note 1, the value x = 0.25 is compatible with our UV-visible measurements. It is then worth noting that it does not impact our study since the optoelectronic properties of QDs are completely characterized by UV-visible spectroscopy: the mere knowledge of their dielectric susceptibility χ ð1Þ QD is sufficient to account for the role they play in 2C-SFG spectroscopy.
Surface chemistry of QDs revealed by 2C-SFG. Phenomenologically, for a given visible frequency, the effective second-order susceptibility is modelled over the IR spectral range 
The first term depicts the non-resonant response (in the IR range) of the inorganic components of the interface (i.e. CaF 2 and NCs), whereas the second term, which consists in a sum over vibration modes v, accounts for the resonant response of the molecules localized at the surface (i.e. ligands). On this assumption, each vibration mode v of the organic ligands is modelled by a lorentzian function, which is maximum when the IR frequency ω IR coincides with the eigenfrequency ω v of the mode; a v is therefore its amplitude and γ v the associated damping constant. The phase shift Φ included in the non-resonant contribution represents a would-be phase delay between the SFG responses of the inorganic components and the molecules. SFG spectra are normalized to extract jχ ð2Þ PPP j 2 (Supplementary Methods), then Eq. (3) is used to fit them and to locate the vibration modes. As evidenced in the previous section, the commercial QDs we use are conjugated with MCAs, so that we expect to identify the methylene groups (CH 2 ) of their aliphatic chains in the IR range 2750-3050 cm −1 . We acquired five SFG spectra of the CaF 2 /QD sample with five different visible wavelengths: 450, 488, 520, 568 and 612 nm. The data, presented in Fig. 4 , are fitted thanks to Eq. (3) by taking five vibration modes into account (Supplementary Table 4) . We identify the symmetric (CH 2 ,ss at 2862 cm −1 ) and asymmetric (CH 2 ,as at 2935 cm −1 ) stretching modes of methylene groups. A third mode associated to CH 2 is also located at 2912 cm −1 . According to different studies about MCAs, this exotic stretching mode (CH 2 ,xs) can be both assigned to the d À ω asymmetric mode of CH 2 60 or described as coming from the symmetric stretching of a methylene group linked to a heteroatom (sulfur in our case) 47 . As a matter of fact, this mode may arise from a combination of the two, hence a much higher vibration amplitude (Fig. 4a, b) , around twice greater than the others. Either way, these three modes have already been observed for 11-mercaptoundecanoic acid with SFG spectroscopy 60 , which is in agreement with the presence of MCAs. Moreover, the SFG spectra evidence the presence of methyl groups. We indeed identify their symmetric (CH 3 ,ss at 2884 cm −1 ) and asymmetric (CH 3 ,as at 2967 cm −1 ) stretching modes 47, 60 , although their amplitudes are weaker than those of methylene. These methyl groups cannot originate from MCA ligands. But, we know that the synthesis and stabilization of CdTe NCs are commonly achieved in organic solvents thanks to hydrophobic ligands like trioctylphosphine oxide, dodecanethiol or tetraoctylammonium bromide, before these are substituted by hydrophilic MCAs for the transfer of NCs into aqueous phase 4, 12, 55, 61 . All these hydrophobic ligands exhibit CH 3 groups. Thereby, our measurements show the incompleteness of the ligand substitution throughout the chemical preparation of QDs made by the manufacturer. Here, SFG spectroscopy reveals methyl residues probably originating from QD synthesis and stabilization processes. Looking back at XPS measurements, these residues are expected to contribute to the total carbon detected on QDs (Fig. 3c) . This means that the structure of MCAs is of the type HS-(CH 2 ) n -COOH with n < 4 (and not n ≤ 4). Given the literature 4, 54, 55 , MCAs are probably 3-mercaptopropionic acids (n = 2). It would imply that the hydrophobic ligands account for 20-40% of the total carbon (in terms of number of carbon atoms, not of ligands). As a result, this observation confirms that ligand exchange is a critical process with a limited efficiency and that the mechanisms involved are still not properly understood 62 . In all likelihood, CdTe NCs are here coated with a majority of MCAs and a few residual hydrophobic ligands.
Vibroelectronic correlation in ligand-capped QDs. Given the five vibration modes previously identified, we examine the evolution of their amplitudes with respect to the visible wavelength λ vis . Especially, Fig. 4b turns into picture the results extracted from the SFG spectra for the five vibration modes. We clearly see that the vibration amplitudes are maximum in the case where λ vis = 488 nm. Indeed, the SFG spectrum obtained for this visible wavelength is the most intense and resolved in Fig. 4a . As shown in the UV-visible spectrum reminded in Fig. 4b , λ vis = 488 nm corresponds to the local maximum of absorption of CdTe NCs, id est their first excitonic state. Besides, the evolution of each vibration amplitude as a function of λ vis is not monotonic over the studied range. As argued before, this behaviour cannot be related to Fresnel factors, and thus evidences a fundamental coupling between the electronic properties of QDs, whose optical activity is maximum when λ vis = 488 nm, and the vibrational The IR frequency is set at 2900 cm −1 . In PPP configuration, the only four contributions are given for ijk = xxz, xzx, zxx, zzz (Eq. (1)). The computation, performed within the 3-layer modelling of CaF 2 /QD/air interface, is detailed in Supplementary Methods (Supplementary Fig. 1) response of their ligands, which is here concomitantly optimal when λ vis = 488 nm. Further, to quantify the efficiency of this coupling for each vibration mode v, we define the factor F v as the ratio between its amplitudes measured for 488 and 612 nm:
The amplitude a v at 612 nm is chosen as a reference because the absorbance of NCs at this wavelength is very close to zero, which means that they are much less optically active at this wavelength. Nevertheless, regarding Fig. 4b , the vibration amplitudes are clearly not proportional to the QD absorbance: assuming such a proportionality would lead to a factor F v up to 42.5, largely exceeding the values indicated in Fig. 4b . We conclude that the absorbance itself is not enough to describe and account for the QD/ligand correlation. In addition, for all the vibration modes, F v is greater than the factor 1.2 defined in Fig. 2c: F v is up to 2.5 on average, and definitively excludes any effect of Fresnel factors. The question is how to theoretically account for this factor, and thus for the QD/ligand coupling.
Discussion
CdTe NCs have just been proved to maximize the vibrational response of their ligands when they are optically pumped into their first excitonic state. Such an exciton can be seen as a highly polar electron-hole pair of dipole moment p generated by the incident electric field E. From this dielectric point of view, the ligands feel the local electric field E ' ðωÞ / pðωÞ / χ ð1Þ QD ðωÞEðωÞ produced by the exciton. This excitonic field is expected to change the molecular dipole moment μ of the ligands and to enlarge their SFG cross-section. Indeed, we can write μðωÞ ¼ αðωÞE ' ðωÞ þ μ 0 , where α is the polarizability of molecules and µ 0 their dipole moment in the absence of exciton. After they absorb IR light, ligands acquire an oscillating dipole moment with a certain amplitude Δμ, then related to α and χ ð1Þ QD : the NC/ ligand coupling is embodied by the product of these two dielectric functions, hence its dipolar nature. The calculations of Δμ are derived in details in Supplementary Notes 2-4 and show that the SFG intensity, related to 〈Δµ(t) 2 〉, involves a second-order susceptibility whose form is:
for each vibration mode v with the eigenenergy ω v and the damping constant γ v . g k is a constant related to the geometry of molecules. The quantity ∂α corresponds to the spatial derivative of α with respect to the normal coordinate of mode v. ∂α(ω vis ) can be considered as the Raman-like cross-section of the ligands under a visible excitation 63 . Thus, the numerator in Eq. (5), which completely conditions the amplitude of the vibration mode v, explicitly embodies the coupling between NCs (through χ
QD ) and molecules (through ∂α) occurring with a visible excitation light. Hence, the vibration amplitude is expected to be maximum when ω vis is in resonance with excitonic states (because of χ 
A priori, ∂α zz does not resonate with the visible beam because the ligands do not exhibit electronic transition in the probed visible range. For each mode v, the ω vis -dependence of its vibration amplitude is then mainly driven by the function:
In virtue of our previous calculations of Fresnel factors and χ ð1Þ QD , we draw this function in Fig. 4c with respect to λ vis . Unlike the absorbance, related to the imaginary part of χ ð1Þ QD , f(λ vis ) does not cancel at 612 nm. This comes from the real part of χ ð1Þ QD which characterizes the optical dispersion of QDs. In order to appreciate the accuracy of Eqs. (5) and (6), we compare the function f(λ vis ) with the mean vibration amplitudes aðλ vis Þ ¼ 1 5 P v a v ðλ vis Þ computed over the five vibration modes v for the five visible wavelengths. In Fig. 4c , to achieve this comparison, we align the origins of the two scales and distend the axis of aðλ vis Þ so that the errors bars overlap with the curve of f(λ vis ). As we can see, the function f(λ vis ) satisfactorily accounts for the λ vis -dependence of the vibration amplitudes. In particular, it provides for a factor F v up to 2.2, close to experimental value of 2.5. The shape of f(λ vis ) predicted by our model is therefore compatible with our measurements and effectively accounts for the coupling between NCs and ligands.
Ascribing this vibroelectronic correlation to a dipolar interaction between NCs and ligands may appear in contradiction with the extensive literature available on this issue. As mentioned in the introduction, surface trapping, charge transfer, exciton delocalization and orbital mixing are generally invoked to explain the electronic coupling between the core and the ligands 39, 64 . But all these experimental works investigate the NC/ligand coupling through the monitoring of the optoelectronic behaviour of QDs, whereas we here examine this coupling by scrutinizing the vibrational behaviour of the ligands. As linear alkane chain Table 4 ). The UV-visible absorbance spectrum of the CaF 2 /QD sample (Fig. 2b) is inserted at the top right hand corner to locate the five visible wavelengths. Below each vibration mode, we give the factor F v calculated according to Eq. (4). c Superposition of, i, the function f(λ vis ) (grey dotted curve) defined in Eq. (7) and calculated with ω v = 2900 cm −1 and, ii, the mean vibration amplitudes (colour bars) computed over the five vibration modes for each visible wavelength. The calculation of the error bars is explained in Supplementary Methods and with Supplementary Fig. 2 molecules, these ligands ensure that QDs are mainly trap-free and do not experience charge transfer, given the insulating nature of the ligand chains, unlike π-conjugated ligands 39, 65 . This point is even corroborated by our previous photoluminescence measurements, which showed that these QDs do not suffer from fluorescence quenching, despite their conjugation with short ligands 59 . Henceforth, we do not expect the coupling observed with 2C-SFG spectroscopy to be based on the same mechanisms than those which describe ligand-dependent optoelectronic properties of the core. It is also worth noting that our study deals with a QD thin film. In such a solid phase, ligands have already proved to play a leading role on the effective polarization of the QD surroundings and their excitonic properties 66 . The existence of such dielectric effects from ligands to excitons actually allows us to conceive other mechanisms than surface trapping and charge transfer, and to base our reasoning on the assumption of a dipolar coupling from excitons to ligand vibrations. The association of these two studies thus emphasizes the importance of dipolar/dielectric coupling between NCs and ligands: in both cases, the interplay between QDs and capping molecules is driven by their respective dielectric functions.
To conclude, the originality of this work relies on the direct investigation of NC/ligand vibroeletronic coupling with 2C-SFG spectroscopy that evidences without ambiguity a correlation between the electronic and the vibrational structures of functionalized QDs. As predicted with simulations in Raman spectroscopy 67 but not observed before now, pumping QDs in their excitonic states translates into fostering the vibrational response of their surrounding organic environment. Comparing the vibrational amplitudes of methyl and methylene modes of the ligands at the visible wavelengths 488 nm (first excitonic state) and 612 nm (out of excitonic resonance), we measured on average a gain factor of F 2 v ¼ 6:3 in terms of SFG intensity. This experimental demonstration is all the more relevant that SFG spectroscopy has been performed on a~0.3 μm-thickness QD layer made of 3.4 nm-diameter particles, which is very small with regard to the interfaces more commonly studied (~5 μm-thickness layers of 30-100 nm particles 68 ). Thus, we succeeded in characterizing the NC/ligand coupling in a case which is not particularly favourable. Furthermore, the theoretical modelling that we developed to describe this coupling concludes here in favour of an energy transfer-based process, rather than a charge transfer 67, 69 . Our formal calculations showed that a classical dipolar interaction can account for the results, considering that the polarizability of the molecules is subordinate to the local electric field induced by the excitons. Besides, the generality and the simplicity of this approach, only based on dielectrics, make it useful and applicable to other systems within the framework of nonlinear optics.
Methods
CdTe QD preparation. CdTe QDs were purchased from Sigma-Aldrich: Ref.
777935 CdTe core-type 25 mg (www.sigmaaldrich.com/catalogue/product/aldrich/ 777935). These commercial CdTe QDs are coated with carboxylic acid functional ligands (COOH) and are provided through water-soluble powders. According to ref. 59 , their mean radius is R 0 = 1.7 ± 0.3 nm. The stock solution was prepared in Milli-Q water (18 MΩ cm, Millipore, France) for a QD density N = 3.66 × 10 20 m −3 (i.e.~0.6 μM). To deposit QDs on substrate, an equilateral CaF 2 prism (Fichou, flatness: λ/4 at 633 nm) was first washed in acetone (99.8%, Sigma-Aldrich) and ethanol (99.8%, Sigma-Aldrich) using a sonication bath, and then cleaned with a piranha solution (H 2 O 2 30%:H 2 SO 4 96%, 1:2, Sigma-Aldrich). It is rinsed with Milli-Q water (18 MΩ cm, Millipore, France) and dried under nitrogen gas flow. The deposition of CdTe QDs consisted in spreading a droplet of the stock solution on one face of the prism and drying it with nitrogen.
UV-visible spectroscopy. UV-visible absorbance spectra of the colloidal solution and the CaF 2 /QD sample were both recorded using a Cary-5000 spectrophotometer (Agilent) in transmission. Milli-Q water was used as a reference for the solution (in a PMMA cuvette of pathlength ' ¼ 1 cm) and a bare CaF 2 prism for the CaF 2 /QD sample. The absorbance curves are thus obtained by differential measurements.
Energy dispersive X-ray spectroscopy. Chemical analyses were performed with a JOEL JEM 2010 transmission electron microscope operating at 200 kV fitted with an energy dispersive X-ray (EDX) spectrometer PGT-Imix-PC. QDs were deposited on carbon-coated copper grids.
X-ray photoelectron spectroscopy. XPS spectra were collected on a SPECS GmbH PHOIBOS 100-1D delay line detector photoelectron spectrometer, using a monochromated AlKα (hν = 1486.6 eV) radiation source having a 250 W electron beam power. The sample was analyzed under ultra-high vacuum conditions (1 × 10 −8 Pa). After recording a broad range spectrum (pass energy 100 eV), high resolution spectra were recorded for the C 1s , S 2p , Te 3d , Cd 3d core XPS levels (pass energy 20 eV). The peak areas were determined after subtraction of a Shirley background. The atomic ratio calculations were performed after normalization using Scofield factors. Spectrum processing was carried out using the Casa XPS software package. The sputtering of the QDs were performed in the XPS chamber using a 2 keV Ar + beam.
Nonlinear SFG spectroscopy. Vibrational SFG spectra were acquired thanks to a home-made setup described in ref. 70 . A pulsed IR laser source (Nd:YVO 4 , 1064 nm, 7.5 ps, HighQ laser) is coupled to an acousto-optic modulator (62.5 MHz micropulse repetition rate, 2 μs train, 25 Hz macropulse repetition rate) and is used, after amplification, to pump two optical parametric oscillators (OPO): i, an IR OPO tunable in the 2500-4000 cm −1 spectral range and, ii, a visible OPO tunable between 440 and 710 nm. The infrared and visible beams are then coherently mixed at the same point of the functionalized surface of the prism, as illustrated in Fig. 1 . The two input beams are P-polarized and the P-component of the SFG output beam is collected by photomultipliers after spatial and spectral filtering through a monochromator. Besides, in order to compensate for the intensity fluctuations of the laser source, the SFG signal of a reference ZnS crystal is acquired in the same conditions and used to normalize the SFG intensity of the sample.
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